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RADIOCARBON AGE PROFILES AND SIZE DEPENDENCY OF MIXING IN 
NORTHEAST ATLANTIC SEDIMENTS
Louise Brown1,2  Gordon T Cook1  Angus B MacKenzie1  John Thomson3
ABSTRACT. In recent years, the most common technique for radiocarbon dating of deep-ocean sediments has been accel-
erator mass spectrometry (AMS) analysis of hand-picked planktonic foraminifera (forams). Some studies have exposed age
offsets between different sediment size fractions from the same depth within a core and this has important implications when
establishing a chronological framework for palaeoceanographic records associated with a particular sediment component.
The mechanisms generating the age offsets are not fully understood, a problem compounded by the fact that the fraction
defined as “large” varies between different studies. To explore this problem, we dated samples of hand-picked forams from
two Biogeochemical Ocean Flux Study (BOFS) cores, for which the presence of an offset between the bulk carbonate and
>150 mm foraminiferal calcite had already been demonstrated. The presence of a constant age offset between bulk carbonate
and coarse fraction material at the two BOFS sites has been confirmed, but the magnitude of the offset is dependent on
whether a simple size-separation technique or hand-picking of well-preserved forams is applied. This may be explained if the
selection of well preserved forams biases the sample towards those specimens that have spent least time in the surface mixed
layer (SML) or have undergone less size selective mixing. Modeling of the 14C profiles demonstrates that SML depth and sed-
iment accumulation rates are the same for both the bulk and coarse sediment fractions, which is consistent  with the hypoth-
esis that size-selective mixing is responsible for the age offset.
INTRODUCTION
The isotopic and chemical composition of foraminiferal tests from deep-sea sediments may be used
to derive information on past oceanographic and climatic conditions, including temperature (Emil-
iani 1955), pH (Sanyal et al. 1995), nutrient concentration (Boyle 1988; Lea and Boyle 1990), and
ocean circulation (Broecker et al. 1984). In parallel with these measurements, radiocarbon dating of
the sediment may be used to determine a direct chronological framework for environmental change
over the past 50,000 years, as well as defining sediment accumulation rates, bioturbation depths, and
other parameters required to model long-term sedimentary processes. In many studies, accelerator
mass spectrometry (AMS) 14C dating of samples of large (usually >150 mm) planktonic foraminifera
(forams) has been employed as a means of circumventing the problem of current-redistributed car-
bonate which will increase the age of a sediment horizon (e.g. Berger et al. 1985; Broecker et al.
1988). The large planktonic forams are less prone to current redistribution than fine sediment and
have a fixed initial reservoir age (unlike benthic carbonate-skeletoned organisms) so that dating only
planktonic foram material should constrain the 14C chronology more tightly.
It has long been known that the resolution of sedimentary records is blurred by biological mixing of
the surface mixed layer (SML). Models of increasing complexity have evolved to reconstruct the
unbioturbated record, taking into account mixing depth, sedimentation rate (Berger and Heath 1968;
Erlenkeuser 1980) and, for AMS dating of forams, effects incurred by species abundance changes
(Schiffelbein 1984; Bard et al. 1987; Manighetti et al. 1993) or dissolution (Peng and Broecker
1984). These models apply uniform rates and mechanisms of mixing to all sediment components,
but 14C dating of different components of deep-sea sediment has yielded significant age offsets
between size fractions that may vary in both direction and magnitude (Figure 1). The cause of these
offsets is not fully understood, yet knowledge of the processes involved is vital if accurate chronol-
ogies for palaeoclimatic and palaeoceanographic records are to be achieved. 
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A further complicating factor is that the component classified as “large” in such studies differs
widely, ranging from single-species forams (Paull et al. 1991), to bulk sieved carbonate from a par-
ticular size fraction (Andree et al. 1984; Berger et al. 1985; Jones et al. 1989) with intermediate vari-
ations, including polyspecific forams (Brown et al. 2000) and planktonic foraminiferal calcite
(Thomson et al. 1995). This presents problems when comparing data from different studies and
determining the relative impact of different mechanisms in generating the age offset. 
One study directly addressing the problem of size fraction induced age offsets is that of Thomson et
al. (1995) at two sites from the United Kingdom Biogeochemical Ocean Flux Study (BOFS). They
analyzed material which was wet sieved to >150 mm and from which benthic forams, ash fragments
and lithic debris were removed, leaving a sample of essentially planktonic foraminiferal calcite. Sam-
ples prepared in this way were found to be consistently older than bulk carbonate from the same depth.
This is the opposite effect of the effect expected from a current-redistributed carbonate input, and the
age range and water depth were such that bioturbation-abundance or bioturbation-dissolution effects
were unlikely to be the cause of the offset. The use of polyspecific samples and fractionation correc-
tion by means of stable isotope measurements should ensure that small-scale carbon isotope fraction-
ation or species vital effects would be accounted for. Thomson et al. (1995) concluded that the remain-
ing possibility was particle-size induced differential mixing by benthic organisms—a mechanism also
used to explain the presence of “lag layers” of coarse (>2 mm) particles derived from a glacial gravel
sediment found in a mud deposit several centimeters above the original horizon of deposition
(McCave 1988). In essence, this hypothesis proposes that mixing ceases to be completely random
when burrowing organisms encounter large sediment grains, as less energy is required to move such
grains upwards than to push them downwards, whilst fine sediment then falls into the void thus cre-
ated. If this mechanism is applicable to the coarse grained foram fraction of deep-sea sediment, dif-
Figure 1 Examples of Holocene-age size fraction 14C age offsets found in previous
studies. Data are taken from the following sources: : = Thomson et al. 1995;
u = Brown et al. 2000; n = Jones et al. 1989; l = Paull et al. 1991; s = Berger et al.
1985; m = Andree et al. 1984. Additional offsets have also been reported for older
sediments.
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fering rates of transport out of the SML for the fine and coarse fractions will result in an age offset. In
contrast, at the nearby Benthic Boundary Layer Experiment (BENBO) sites, samples of >150 mm
hand-picked polyspecific planktonic forams were found to be younger than the bulk carbonate in the
upper mixed layer, but approximately the same age as the bulk below about 10 cm. This age offset was
attributed either to the different coarse fraction sampling methods employed in the two studies, or dif-
ferent bioturbational processes found at this site as a result of its shallower water depth and higher Corg
flux (Brown et al. 2000).
The aim of the present study is to evaluate the effect of sample selection method on the radiocarbon
age offset found between the coarse size fraction and bulk sediment of the BOFS cores, where the
offset-producing mechanism is already accounted for by size-differential mixing. We also extended
the measurements into the SML in the hope of gaining some knowledge of the processes generating
the offset at the BOFS sites.
METHODS 
This study used archived material from box cores 11881 and 11886 collected from stations 4 and 8
(Figure 2) of the UK BOFS study. The cores were collected from 4000 m water depth, from a rela-
tively rapidly accumulating site (5.9 cm ka-1) on the northern flank of the East Thulean Rise
(11886), and a more slowly accumulating site (3.0 cm ka-1) on the southern flank of the rise. A full
Figure 2 Map of northeast Atlantic Ocean, highlighting BOFS stations 4 (core 11881) and 
8 (core 11886)
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description of the BOFS study area can be found in Thomson et al (1993). The box cores had been
sub-cored and sectioned into 1-cm thick slices and stored frozen. Five 1-cm depth increments were
chosen from another sub-core from BOFS sites 11881 and 11886, to include material from both
above and below the SML. The sediment was dried at 50° C and disaggregated in 200 mL deionized
water, before wet sieving into <150 mm and >150 mm size fractions using additional deionized
water. Samples of 12–25 mg of well-preserved polyspecific planktonic forams were hand picked
from the >150 mm size fraction. Graphite targets were prepared from CO2 produced by acid hydro-
lysis of the samples (Slota et al. 1987), and analyzed by AMS at the NSF-Arizona AMS facility. 
Large (50 mg) samples of forams were hand-picked from BOFS core 11881 at 1–2 cm and 26–27 cm
depths for a simple pretreatment experiment. This involved splitting the samples so that 12 mg were
used to prepare graphite targets as above, whilst the remainder were pretreated with sufficient 0.16 M
HCl to remove the outer 20% carbonate. The CO2 gas generated by addition of the 0.16 M HCl was
also collected and graphitized, in order to estimate the age of the material removed by the leaching. 
Table 1 New AMS 14C data for polyspecific hand picked planktonic foraminifera from 
BOFS cores 11881 and 11886. All ages reported are conventional radiocarbon years BP. 
Lab code Sample ID 14C age (BP) 1s error
BOFS core 11881 Polyspecific Forams
GU-8740 BOFS 11881 0.0–1.0 cm 3630 40
GU-8741 BOFS 11881 4.0–5.0 cm 3610 45
GU-8742 BOFS 11881 10.0–11.0 cm 4900 45
GU-8743 BOFS 11881 19.0–20.0 cm 6550 50
GU-8744 BOFS 11881 26.0–27.0 cm 9630 60
BOFS core 11886 Polyspecific Forams
GU-8735 BOFS 11886 1.0–2.0 cm 2660 45
GU-8736 BOFS 11886 4.0–5.0 cm 2700 40
GU-8737 BOFS 11886 10.0–11.0 cm 2710 50
GU-8738 BOFS 11886 19.0–20.0 cm 4260 45
GU-8739 BOFS 11886 28.0–29.0 cm 5620 45
BOFS core 11881 Pretreated forams
GU-8745a BOFS 11881 0.0–1.0 cma
aCarbon removed during pretreatment with 0.16 M HCl
2590 55
GU-8745b BOFS 11881 0.0–1.0 cmb
bPretreated forams
4180 50
GU-8746a BOFS 11881 26.0–27.0 cma 10,355 60
GU-8746b BOFS 11881 26.0–27.0 cmb 10,085 60
Standards
GU-8847 TIRI K Turbiditec
cTIRI K turbidite standard consensus age is 18,155 ± 34 BP (Gulliksen and Scott 1995).
18,080 110
BK-44 TIRI F Icelandic Doublespard
dTIRI F Icelandic doublespar standard consensus age is 46,750 ± 208 BP (Gulliksen and Scott 1995).
>45,000
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RESULTS AND DISCUSSION
The 14C ages for the polyspecific planktonic foram samples are listed in Table 1 and illustrated along
with the published data for bulk carbonate and foraminiferal calcite (Thomson et al. 1995) in
Figure 3. The data from all profiles were modeled after Erlenkeuser (1980) and the parameters
derived are presented in Table 2. 
Figure 3 14C results for-hand picked polyspecific planktonic foraminifera, shown with the bulk carbonate and for-
aminiferal carbonate data of Thomson et al. (1995). Solid lines are the bulk carbonate data modeled using the box
model of Erlenkeuser (1980), as listed in Table 2.
Table 2 14C age-depth profiles for BOFS cores 11881 and 11886, modeled for each of the three
sampling strategies using the parameters outlined in Erlenkeuser (1980). Where fit to data (R2) is
marked *, accumulation rate is based on two points only.
Profile
Accum.
rate
(cm ka-1)
Fit to 
data
(R2)
SML
depth 
(cm)
Data
average
SML age
(yr)
Calc.
SML age
(yr) 
T0 age
(yr)
11881 bulk carbonate 3.0 0.988 9.3 3090 — 370
11881 hand-picked forams 3.0 1.00* 8.9 3620 — 900
11881 foram. carbonate 3.0 1.00* — — 4180 1800
11886 bulk carbonate 5.9 0.996 9.3 2350 — 840
11886 hand-picked forams 6.1 0.998 10.0 2690 — 1200
11886 foram. carbonate 5.9 0.998 — — 3060 1830
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Core 11881
Omitting the data point at 10–11 cm, the 14C profile for the hand-picked planktonic forams generates
the same SML depth and accumulation rate as both the bulk carbonate and foraminiferal calcite pro-
files of Thomson et al. (1995). However, the hand-picked foram profile is offset from the bulk car-
bonate profile by +0.6 ka, and from that of the foraminiferal calcite by -0.5 ka. The remaining data
point at 10–11 cm, together with the pretreated sample at 26–27 cm, lies on the line described by the
two points from the foraminiferal calcite. If we assume an SML of 9 cm, similar to those calculated
for the bulk carbonate and hand-picked foram profiles, the age of the pretreated sample at 0–1 cm is
similar to the modeled foraminiferal calcite SML age. The carbon removed during pretreatment of
the 0–1 cm sample is close in age to the bulk carbonate. Recalculating the age of the total sample
using the percent modern values reported for the samples ([0.2 × 0.7244] + [0.8 × 0.5943]) gives a
value of 3840 ± 75, in reasonable agreement with the 3630 ± 40 determined for the untreated foram
sample. The age of carbon removed during pretreatment of the 26–27 cm sample is older than the
pretreated sample by about 200 years.
Core 11886
The profile for hand-picked foram data for this core coincides almost exactly with the profile for
bulk carbonate, but appears smoother (although this may be simply due to having fewer data points
than the bulk profile). The average age of the hand-picked foram SML is 340 years older than that
calculated for the bulk carbonate, which makes a minor difference of 0.7 cm in the calculated depth
of the SML.
Modification of Offset
The reduction in the bulk carbonate/coarse fraction age offset for hand-picked forams compared to
that for bulk carbonate/coarse fraction using foraminiferal calcite establishes that the method of
sample preparation has some effect on the 14C age determined for a particular depth horizon. The
concordance of values for accumulation rate and SML depth also suggests that the offset is the result
of a physical process rather than sampling or material heterogeneities, such as differential loss of
surface sediment between sub cores or the sampling of material advected down burrow openings.
The selection of whole forams must in some way eliminate a proportion of the forams which have
undergone most size-selective mixing. The most obvious reason for this would be on the basis of
particle age. In any sediment depth horizon, the particles are composed of a range of ages, depend-
ing on the amount of mixing, the SML depth and the sediment accumulation rate. The longer the res-
idence time in the SML, the greater the probability of physical breakage of the foram tests by mixing
or by chemical attack. Where both well-preserved and damaged specimens are present in a sample,
the damaged specimens are most likely to be rejected by this sampling method. 
Another possible explanation is that the size spectrum of particles is shifted by selecting only whole
foram tests. McCave (1988) has demonstrated that in the range of foram sizes, the biodiffusion dif-
fusion coefficient varies inversely with grain size. Therefore, if by some means, the smaller, less
size-selectively mixed forams are less liable to be damaged by physical mixing than larger speci-
mens, rejection of the large foram fragments would leave a sample of forams from the smaller size
range and thus a shorter residence time in the mixed layer.
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Formation of Age Offset
The homogeneity of the SML data for the hand-picked forams leaves only two possibilities for the
origin of the age offset; either the forams are initially older than fine material on initial incorporation
into the SML, or their residence time in the mixed box is increased relative to the fine fraction by
means of size-selective mixing. Thin-walled, water-filled foraminiferal tests have hydrodynamic
properties similar to much smaller grains (Oehmig 1988) and it is possible that some may be resus-
pended and transported before incorporation into the sediment. However, in the high energy condi-
tions that this would require, at least some fine material should be similarly transported, but the T0
(age of freshly arriving material) for core 11881 bulk carbonate is close to the North Atlantic reser-
voir age of 400 years (Bard 1988), and demonstrates that this cannot be the case for this site.
There is ample evidence of size-selective mixing mechanisms in the deep-sea environment, in addi-
tion to the process observed by McCave (1988). Berger and Johnson (1978) considered the lag
between d18O and 14C records to be a consequence of this effect, and radiochemical studies in the
deep ocean have shown that radionuclides associated with finer fractions are apparently bioturbated
more rapidly than those associated with coarse material (Cochran 1985; DeMaster and Cochran
1982). Evidence from laboratory studies (e.g. Bock and Miller 1999) and statistical studies of the
distribution of tektites and coarse-grained volcanic debris in marine sediment (Wheatcroft and
Jumars 1989) also point to size-selectivity of mixing. These studies all indicate a slower rate of mix-
ing of coarse material, but at the BOFS sites mixing must still be rapid in comparison to the 14C
timescale in order to generate a homogeneous SML for the coarse fraction. By analyzing a number
of closely spaced depth increments in core 11881, Thomson et al. (1995) showed that the SML con-
sisted of a well-mixed upper layer (0–5 cm) overlying a less thoroughly-mixed layer (5–10 cm).
McCave (1988) demonstrated that the preferential upwards movement of coarse material would
occur only under certain conditions of sediment accumulation and (diffusive) bioturbation rates, and
it may be that this type of mixing occurs only in the well-mixed upper part of the SML of core
11881. This differential mixing by small organisms may occur in the upper 5 cm of the mixed box,
followed by mixing by larger, less size-selective organisms living deeper in the sediment. The outlier
at 10–11 cm in the same core may be an artefact of this bimodal mixing, yet the offset still exists in
the SML of 11886 where there is no evidence of this change in bioturbation. 
Pretreated Samples
The effects of modern contamination have been noted on background-age samples of both forams
(Schleicher et al. 1998) and coral (Burr et al. 1992). The aim of this pretreatment experiment was to
ascertain if contamination from either older or younger carbonates is significant in Holocene-age
samples, and whether it could be responsible for the age offset. For the 0–1 cm sample, the age of
the pretreated sample is almost exactly the same as the hypothetical age determined for the SML of
foraminiferal calcite, while the age of carbon produced during pretreatment is similar to the age
determined for the bulk carbonate at the same depth. This suggests there may be some fine-grained
carbonate trapped within the foram tests which is influencing the age of the untreated sample,
assuming that this is the material which dissolves more rapidly. If foram tests are whole rather than
fragmented, it may be more difficult to remove trapped fine carbonate by simply rinsing with water,
as in the procedure employed in both this study and by Thomson et al. (1995). However, while the
datum for the pretreated sample from 26–27 cm depth is also located on the foraminiferal calcite
profile, the age of carbon released during pretreatment is older than the sample age. The source of
apparent contamination in this case is unclear. The older age of the carbon released during pretreat-
ment means that the cause of the difference between the pretreated and unpretreated samples at this
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depth is also unclear. Sample size and representation should not be an issue as the analyses were car-
ried out on splits from the same 50 mg sample, unless some fractionation of older and younger
forams could have occurred during the process of splitting the sample. We discount the possibility
of contamination introduced during sample preparation, as a background sample of infinite age mar-
ble and a known-age turbidite from the TIRI study (Gulliksen and Scott 1995) which underwent the
same procedure as the foram samples yielded satisfactory ages (Table 1). Given the elementary
nature of the pretreatment technique, it is unwise to extrapolate too much from a single result, but
obviously further work is required in this area.
CONCLUSION
The presence of a constant age offset between bulk carbonate and coarse fraction material at two
BOFS sites has been confirmed, but the magnitude of the offset is dependent on whether a simple
size-separation technique or hand-picking of well-preserved forams is applied. This may be
explained if the selection of well-preserved forams biases the sample towards those specimens which
have spent least time in the SML and undergone less size-selective mixing.   The sampling artefacts
affecting 14C age cannot be ignored in favour of dating a bulk large size fraction or bulk carbonate, as
most foram palaeonvironmental studies are based on one or two species, which have to be fairly well-
preserved in order to be correctly identified. Modeling of the 14C profiles demonstrates that SML
depth and sediment accumulation rates are the same for both the bulk and coarse sediment fractions,
which is consistent with the hypothesis that size-selective mixing is responsible for the age offset.
Pretreatment of samples by acid hydrolysis results in age differences between treated and untreated
samples, both at the sediment surface and at depth. The difference in the upper sample appears to be
the result of fine carbonate trapped in the foram tests, but this does not hold for the deeper sample. 
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